Children treated for acute lymphoblastic leukemia may develop reduced bone mineral density during treatment, but there is little information on the mechanisms involved. In a prospective, longitudinal study on 15 children with ALL, we undertook serial measurements of markers of bone and collagen turnover, insulinlike growth factor (IGF)-I and its binding proteins (IGFBPs)-3 and -2 during the second year of continuing chemotherapy. In eight patients we also measured lower leg length by knemometry. Height SD scores, lower leg length velocity, IGF-I, and markers of bone collagen turnover did not differ significantly from healthy children. However, bone alkaline phosphatase, a marker of the differentiated osteoblast, was lower (mean SD score, Ϫ0.64; p Ͻ 0.0001), whereas procollagen type III N-terminal propeptide (P3NP, a marker of soft tissue collagen turnover; mean SD score, ϩ0.93, p Ͻ 0.05), IGFBP-3 (mean SD score, ϩ0.76; p Ͻ 0.01), and IGFBP-2 (mean SD score, ϩ1.24, p ϭ 0.01) were all higher than in healthy children. IGFBP-3 decreased during episodes of afebrile neutropenia (p Ͻ 0.05). Within 3 mo after completion of treatment, bone ALP increased in all eight patients, but collagen markers showed little change. IGFBP-2 returned to normal posttreatment, but P3NP and IG-FBP-3 remained significantly elevated compared with healthy children (mean SD scores, ϩ1.51 and ϩ1.36, respectively; p Ͻ 0.01). We conclude that continuing chemotherapy was associated with normal growth and bone collagen turnover but enhanced soft tissue collagen turnover. Bone bone alkaline phosphatase was low throughout treatment, which suggests impaired osteoblast differentiation resulting from a direct effect of chemotherapy on bone. Although the effect was reversible, the long-term implications for bone health in survivors remain uncertain. There have been many reports of poor growth in children with acute lymphoblastic leukemia (ALL), especially during periods of intensive chemotherapy, but growth may return to normal during less-intensive periods and may show evidence of further catch-up after completion of chemotherapy (1-13). Of greater concern are a number of retrospective crosssectional studies on survivors of ALL that describe reduced bone mineral density (BMD) at various sites (14 -16). This may be associated with increased fracture risk, reduced peak bone mass, and a theoretical risk of osteoporosis in adult life. However, these previous studies reflect the outcome of earlier treatment protocols, most of which included cranial irradiation and are now obsolete. Current protocols generally use more intensive chemotherapy regimens but avoid cranial irradiation in all but a few high-risk cases. Recently, a number of prospective longitudinal studies have reported that the prevalence of radiologic osteopenia and fracture in children with ALL increases and that BMD decreases during chemotherapy, in the absence of cranial irradiation (17) (18) (19) . However, the mechanisms responsible for these observations remain to be elucidated.
There have been many reports of poor growth in children with acute lymphoblastic leukemia (ALL), especially during periods of intensive chemotherapy, but growth may return to normal during less-intensive periods and may show evidence of further catch-up after completion of chemotherapy (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Of greater concern are a number of retrospective crosssectional studies on survivors of ALL that describe reduced bone mineral density (BMD) at various sites (14 -16) . This may be associated with increased fracture risk, reduced peak bone mass, and a theoretical risk of osteoporosis in adult life. However, these previous studies reflect the outcome of earlier treatment protocols, most of which included cranial irradiation and are now obsolete. Current protocols generally use more intensive chemotherapy regimens but avoid cranial irradiation in all but a few high-risk cases. Recently, a number of prospective longitudinal studies have reported that the prevalence of radiologic osteopenia and fracture in children with ALL increases and that BMD decreases during chemotherapy, in the absence of cranial irradiation (17) (18) (19) . However, the mechanisms responsible for these observations remain to be elucidated.
There are a number of biochemical markers that may shed light on the dynamic processes of bone turnover and growth (20) . Circulating C-terminal propeptide of type I procollagen (PICP) quantitatively reflects type I collagen synthesis, largely arising from bone, although a small proportion may also emanate from soft tissue; in bone, it is a marker of the osteoblast in its early proliferative stage. Bone-specific alkaline phosphatase (ALP) is a marker of the differentiated osteoblast. The C-terminal telopeptide of type I collagen (ICTP) reflects the breakdown of type I collagen largely, although not exclusively, derived from bone. PICP, bone ALP, and ICTP are all released into the circulation during the modeling and elongation of bone that accompanies growth. The N-terminal propeptide of type III procollagen (P3NP) quantitatively reflects type III collagen turnover in soft tissue. All these markers have been demonstrated to reflect changes in growth in children (20) . Insulin-like growth factor-I (IGF-I) is an important regulator of bone turnover at tissue level: it enhances osteoblast proliferation and stimulates both type I collagen production and ALP activity (21) . Circulating IGF-I is largely bound to IGF binding protein-3 (IGFBP-3), which controls and modulates its tissue bioavailability and may also regulate cell growth directly (22) . Both IGF-I and IGFBP-3 are related to growth hormone (GH) secretion, although other factors, such as nutrition, also influence plasma levels. The role of IGFBP-2 is less well understood but may oppose the effects of IGF-I on bone cell proliferation and collagen synthesis (21) (22) (23) .
Using these markers, we have previously shown that, at diagnosis, children with ALL have reduced bone ALP, PICP, ICTP, IGF-I, and IGFBP-3, together with increased IGFBP-2 and urinary GH, which suggests low bone turnover state caused by the disease itself and possibly associated with GH resistance (24) . During the first year of chemotherapy, periods of intensive chemotherapy were associated with further suppression of the markers of collagen turnover, followed by marked increases during periods of less-intensive treatment (24, 25) . These changes apparently were not mediated through circulating IGF-I but by direct action of various chemotherapeutic agents on target tissue. Bone ALP showed similar but quantitatively lesser changes and remained below the population mean throughout the first year of chemotherapy.
We now report the effects of a second year of less-intensive continuing chemotherapy on markers of bone and soft tissue turnover and growth in children with ALL. In a subgroup of the children, we were also able to assess the change in markers following completion of chemotherapy. Our aim in this study was to investigate the degree and nature of any adverse effect of continuing chemotherapy on bone and collagen turnover and whether these effects were reversed after cessation of chemotherapy.
SUBJECTS AND METHODS

Patients
We studied 15 children (10 males, 5 females) with ALL during and after their second year of chemotherapy. The children were already enrolled in the national Medical Research Council randomized trial of childhood ALL treatment, which was performed from 1992 to 1997 (UKALL XI-92). All had previously received induction chemotherapy, followed by two periods of intensification chemotherapy, as previously described (24) , and all were in first clinical and hematological remission. None had received cranial irradiation. Eight of the children had previously received high-dose i.v. methotrexate as CNS-directed treatment (24) . Six children had received an additional third intensification of eight weeks duration before the period studied here, as previously described (25) . The median age of the patients was 4.1 yr (range 2-14.9 yr) at the start of the second year of chemotherapy. The oldest boy was postpubertal (bilateral 25mL testes); the remainder were younger than 10 yr and prepubertal. One patient was retrospectively excluded from the study, owing to testicular relapse, diagnosed one month after the last sample was collected. The study was approved by the local ethics committee, and informed consent was obtained from parents and, if possible, the children.
Drug Treatment, Samples, and Measurements
Continuing chemotherapy was administered as previously described (25) and included monthly administrations of vincristine and prednisolone, weekly administrations of oral methotrexate, and daily administrations of mercaptopurine. They were administered in three monthly cycles: we studied the four cycles (cycles 5-8) that comprised the second year of chemotherapy. Height was measured using a stadiometer at the beginning of cycle 5, at completion of chemotherapy and (in 5 children only) 3 mo after completion of chemotherapy. Lower leg length measurements and blood sampling were scheduled to take place at monthly intervals to coincide with the patients' attendance at hospital for vincristine administration. In eight patients, we obtained additional samples 2-3 mo after completion of chemotherapy. Samples were collected between 1100h and 1500h to minimize the effects of circadian variation. Plasma and serum were stored in aliquots at -70°C until analysis.
We measured lower leg length by knemometry in 8 children who were old enough to cooperate; in three of these children we also made serial measurements at monthly intervals during the three month period following completion of chemotherapy. Measurements were made in the morning, using the random zero method (26) ; the median technical error (one SD from the mean of a set of triplicate measurements) was 0.15mm.
Analytical Methods
Collagen marker assays. We measured PICP, ICTP. and P3NP in plasma by RIA (Orion Diagnostica, Espoo, Finland), as previously described (25, (27) (28) (29) . Between-run coefficients of variation were 7.8% and 5.2% at 94 g/L and 320 g/L for PICP, 6.3% and 9.2% at 8.7 g/L and 33.8 g/L for ICTP, and 5.6% and 6.4% at 4.6 g/L and 10.4 g/L for P3NP, respectively.
Bone ALP. Bone ALP was measured in plasma by wheat germ lectin affinity electrophoresis, as previously described (30) . Between-run coefficients of variation were 2.2, 3.5, and 1.9% at 251, 349, and 435 U/L, respectively.
IGF-I. IGF-I was measured in serum with a specific RIA (Mediagnost, Tübingen, Germany) as described (25, 31) . Be-491 CHEMOTHERAPY, BONE TURNOVER AND GROWTH tween-assay coefficients of variation were 8.5, 6.5, and 8.0% at 69, 140, and 118 g/L, respectively.
IGFBP-3. IGFBP-3 was measured in serum using a specific RIA as described (25, 32) . Between-assay coefficients of variation were 7.3% and 6.9% at 2772 g/L and 3545 g/L, respectively.
IGFBP-2. IGFBP-2 was measured in serum using a specific RIA as described (25, 33) . The between-assay coefficient of variation was 10.7%.
Reference Data
All the markers in this study varied with age and sex. We used our own published age-and sex-specific reference data for bone ALP (34), IGF-I, IGFBP-3, and IGFBP-2 (35) . For collagen markers in children older than 5 yr, we also used our own published age-and sex-specific reference data (36) . To obtain reference data for collagen markers in younger children, we collected surplus plasma remaining after routine clinical biochemistry testing had been completed from 57 children younger than 5 yr, who presented mainly to the casualty and outpatient departments of our institution with various minor conditions that were considered not to have either a short-or long-term effect on growth; children with intercurrent infections were specifically excluded. All collagen markers were log-normally distributed and were therefore log-transformed to fit a Gaussian distribution. There were no differences between males and females for any of the markers in this age group. In general, circulating concentrations of all three collagen markers were higher than in older children (36) . Table 1 shows the log-transformed means and SDs compared with our previously published data from older children (36) .
Data Analysis
We expressed height as SD scores, using published data for the U.K. (37) . Height velocities during cycles 5-8 were also calculated. For the knemometry data, we calculated lower leg length velocity (LLLV) for each treatment cycle by statistical regression of all lower leg length measurements during that cycle against time. Results were expressed in millimeters per week. Because we observed no apparent trends from cycles 5-8, we then calculated the overall mean LLLV during the second year of treatment for each patient. Posttreatment LLLV was calculated similarly.
We expressed all biochemical data as SD scores relative to our reference groups to compensate for variation with age and sex and to facilitate comparisons among markers. The distributions of serum concentrations of collagen markers IGF-I and IGFBPs in healthy children are log-normal (35, 36) . We therefore transformed measured concentrations to their logarithms before calculating age-and sex-specific SD scores, based on our own published data (35, 36) , and the data reported here for collagen markers in children younger than 5 yr (Table 1) . Bone ALP did not require log transformation; SD scores were calculated in relation to our own published data (34) . SD scores were calculated as follows:
SD score ϭ x Ϫ mean for age/sex division SD for age/sex where x was the measured concentration of the analyte. We calculated the mean analyte SD score for each treatment cycle in each patient. Because there was no consistent trend in any of the markers from cycles 5 to 8 by analysis of variance, we then calculated the overall mean for each analyte in each patient during the second year of treatment. We also calculated the mean SD score for each analyte 2-3 mo after completion of treatment (for those patients in whom these data were available). Group data were expressed as mean and 95% confidence intervals for the mean. Comparison with our normal reference group (with a mean SD score of zero) was by the one-sample t test. Comparisons between unmatched groups were made using unpaired t tests. Comparisons of measurements made in the same patients during and after treatment were by paired t tests. Relationships among variables were explored using the Pearson correlation coefficient, r. All statistical tests were two-tailed; p Ͻ 0.05 was regarded as significant.
RESULTS
During treatment.
The median-height SD score at the start of cycle 5 was ϩ0.90 (range -2.8 to ϩ2.1) and changed little throughout the second year of chemotherapy. Median-height velocity during this period was 7.3 cm/yr (range 4.1-9.7 cm/y). There was no overall trend in LLLV from cycles 5 to 8 of treatment. Median LLLV over cycles 5-8 for the eight patients on whom knemometry was performed was 0.48 mm/wk (range 0.34 -0.55 mm/wk), similar to that of a group of healthy children studied earlier by us (26) .
None of the markers showed a consistent trend from cycles 5 to 8 of treatment. Figure 1 shows the mean SD score for each None of the markers differed significantly between those children who had previously received high-dose methotrexate as CNS-directed treatment and those who had not nor between those children who had previously received a third intensification block of chemotherapy and those who had not.
On 25 occasions in the study, blood samples were collected when the children were neutropenic but afebrile, with a neutrophil count below 1.0 ϫ 10 9 /L. An additional 70 samples were collected when the neutrophil count was above 1.0 ϫ 10 9 /L. Patients remained clinically well during these episodes of neutropenia, but their alanine aminotransferase (ALT) levels were slightly higher (mean 63 U/L; 95% confidence intervals, 12-109 U/L) than when their neutrophil counts were above 1.0 ϫ 10 9 /L (32 U/L; 95% confidence intervals 22-42 U/L, p ϭ 0.05). IGFBP-3 was lower (mean SD score, ϩ0.47; 95% confidence intervals, ϩ0.14, ϩ0.82) during episodes of afebrile neutropenia than when the neutrophil count was above 1.0 ϫ 10 9 /L (mean SD score, ϩ0.95; 95% confidence intervals, ϩ0.72, ϩ1.18, p Ͻ 0.05) but was not correlated with ALT. Other markers showed no relationship with neutrophil count.
After treatment. In the eight patients studied after completion of treatment, mean posttreatment SD scores (95% confidence intervals) were bone ALP, ϩ1.15 (-0.25, ϩ2.55); PICP, ϩ0.22 (-0.60, ϩ1.04); P3NP, ϩ1.51 (ϩ0.68, ϩ2.33); ICTP, ϩ0.49 (-0.68, ϩ1.66); IGF-I, ϩ0.01 (-0.61, ϩ0.62); IG-FBP-3, ϩ1.36 (ϩ0.68, ϩ2.03); and IGFBP-2, ϩ0.17 (-1.58, ϩ1.92). After completion of treatment, P3NP and IGFBP-3 were the only markers that remained significantly greater than the reference mean (p Ͻ 0.01). IGF-I was correlated positively with IGFBP-3 (r ϩ0.83, p ϭ 0.01), whereas negative correlations developed between IGFBP-2 and both IGF-I (r -0.73) and IGFBP-3 (r Ϫ0.72, p Ͻ 0.05).
Mean changes in SD scores (95% confidence intervals) from cycle 8 to posttreatment were bone ALP, ϩ1.64 (ϩ0.01, ϩ3.28); PICP, ϩ0.52 (-0.29, ϩ1.33); P3NP, ϩ0.01 (-1.01, ϩ1.02); ICTP, ϩ0.11 (-1.36, ϩ1.58); IGF-I, ϩ0.21 (-0.53, ϩ0.94); IGFBP-3, ϩ0.45 (-0.25, ϩ1.14); and IGFBP-2, -0.60 (-2.23, ϩ1.03). Bone ALP increased after completion of treatment in all patients (p Ͻ 0.05, Fig. 2) . One 3-year-old boy had a dramatic posttreatment increase in both bone and liver ALP, the latter having the enhanced electrophoretic mobility typical of benign transient hyperphosphatasaemia (38) . Overall group changes in the other markers posttreatment did not reach significance. However, individual changes in P3NP after treat- For those children in whom height measurements were available 3 mo after completion of treatment, there was a slight but significant increase in height SD score (mean increase ϩ0.16, range 0.0 to ϩ0.3, p Ͻ 0.05). For the three patients for whom serial knemometry was available over this period, LLLV increased in all three (from 0.40 to 1.11, 0.67 to 0.83, and 0.49 to 0.93 mm/wk).
DISCUSSION
During treatment.
During the second year of chemotherapy, children with ALL had relatively normal height SD scores, normal height velocities, and normal growth of the lower leg, as previously reported (12, 13) . PICP and ICTP levels also indicated normal rates of bone collagen turnover, in agreement with Sorva et al. (39) .
We have previously reported that bone ALP, a marker of the mature osteoblast, was low at diagnosis and remained low throughout the first year of chemotherapy (24, 25) . This study confirms that bone ALP also remained low throughout the second year of chemotherapy. Because linear growth was relatively normal during this period and PICP, a marker of the osteoblast in its early proliferative phase, was also normal, this suggests that chemotherapy had an adverse effect on osteoblast maturation. The component of chemotherapy most likely to be responsible for this effect was the weekly oral methotrexate. In animal models, methotrexate treatment suppresses osteoblast activity and bone formation, while enhancing osteoclast activity and bone resorption, resulting in reduced bone mass and trabecular bone volume but normal growth (40 -42) . We have previously demonstrated that high-dose methotrexate administered to children with ALL resulted in lower bone ALP and PICP and increased ICTP, compared with those not so treated (24) . It appears that the smaller oral doses administered during continuing chemotherapy may be sufficient to affect osteoblast differentiation (bone ALP) but not its ability to synthesize collagen (PICP) nor the activity of osteoclasts in degrading collagen (ICTP). The consequence is likely to be either ineffective collagen synthesis, in which newly synthesized collagen is degraded without being incorporated into bone matrix, or normal amounts of collagen being laid down in growing bone followed by suboptimal mineralization. Either scenario may be responsible for the fractures and/or reduced BMD observed during chemotherapy (17) (18) (19) . In our study, samples were taken before each monthly 5-day course of prednisolone, making it unlikely that the suppression of bone ALP was steroid related. We have previously demonstrated that prednisolone treatment resulted in marked suppression of PICP and ICTP but slower and more variable changes in bone ALP (24) , a pattern that differs from that seen during continuing chemotherapy.
P3NP tended to be high during chemotherapy. Occult liver fibrosis has been reported as a side effect of methotrexate administration (43) and, in adults treated with methotrexate, increased P3NP has been shown to be associated with liver fibrosis or cirrhosis (44) . We have previously shown that P3NP levels were higher in children with ALL and treated with high-dose methotrexate, compared with those not so treated (24) . It therefore seems likely those of our patients with higher P3NP levels may have had methotrexate-induced hepatic fibrosis.
During continuing chemotherapy, IGF-I levels were normal but IGFBP-3 levels were slightly increased, mirroring the pattern we observed at the end of the first 6 mo (24) and the first year (25) of chemotherapy. An earlier report found normal levels of IGF-I and IGFBP-3 in children with ALL on maintenance therapy (45) . Although circulating IGF-I and IGFBP-3 are both largely determined by GH secretion, the former is more influenced by nutritional factors, which may be of importance in children on chemotherapy. The effects of IGFBP-3 on growth may be both direct and through modulation of the bioavailability of IGF-I to its receptor (22) , which may itself be up-or downregulated; in our study, these interacting factors resulted in normal growth .
The high circulating levels of IGFBP-2 that we observed at diagnosis (24) and during the second 6 mo of chemotherapy (24, 25) persisted throughout the second year. There have been previous reports of high pretreatment circulating IGFBP-2 levels in ALL and other malignancies (46 -48) , probably as a result of production by the tumor itself. However, this seems an unlikely explanation either for its persistence throughout the second year, when all the patients were in remission or for its decrease after stopping treatment, even in a boy (excluded from our study) who relapsed 1 mo later. Instead, IGFBP-2 production or clearance was probably affected directly or indirectly by chemotherapy. IGFBP-2 production appears to be largely independent of GH secretion and is increased in fasting and malnutrition, but its regulators in vivo remain largely unknown (22) . Although we did not formally assess nutritional status, weight was normal during this phase of chemotherapy (12) . The clinical implications of the high levels of IGFBP-2 are therefore unclear.
We have previously reported that LLLV was lower during episodes of afebrile neutropenia than at other times (13) . In the present study, we also observed lower levels of IGFBP-3 during these episodes. The cause of the reduced IGFBP-3 levels in the absence of a reduction in IGF-I is uncertain, because both are largely synthesized in the liver under the control of GH. Although there was evidence of mild hepatocellular damage during some (but not all) episodes of neutropenia, this had no obvious effect on circulating IGFBP-3 levels. The expression of IGFBP-3 in nonhepatic tissues may be influenced by a number of cytokines, growth factors, and hormones, in addition to GH, although the contribution from these nonhepatic sources to circulating IGFBP-3 is probably small (22) . Regardless of their etiology, the variations in circulating IGFBP-3 that we observed may have modulated growth either directly or by altering the bioavailability of IGF-I to its receptor.
After treatment. After chemotherapy was completed, bone ALP increased in all patients. In contrast, the boy excluded 494 from the study because of testicular relapse showed a decrease in bone ALP, consistent with the low levels of bone ALP observed in ALL patients at initial diagnosis (24) . Neither absolute levels nor changes in bone ALP posttreatment were related to circulating IGF-I or IGFBPs. The posttreatment increase in bone ALP was therefore likely to be due to removal of the adverse effect of chemotherapy at target tissue level. It coincided with a slight increase in height SD score and an increase in LLLV above that generally observed in normal controls (26) .
Although there was little net change in P3NP on a group basis after treatment was stopped, it was striking that those individuals with the highest levels of P3NP in cycle 8 showed a marked decrease after treatment stopped, consistent with the interpretation that the high levels were due to an adverse effect of methotrexate on the liver. Conversely, those with lower levels in cycle 8 showed an increase after stopping treatment, consistent with increased soft tissue turnover associated with increased growth. The posttreatment P3NP reflected the outcome of these two opposing effects. Parallel, but lesser, changes were observed in PICP, consistent with this marker reflecting a combination of bone and, to a lesser extent, soft tissue collagen turnover.
In summary, the second year of continuing chemotherapy in children with ALL was associated with normal growth and normal or high collagen turnover but reduced bone ALP, which suggests impaired osteoblast development and reduced mineralization of bone. After completion of treatment, bone ALP was restored to normal. Although the reduction in bone ALP was reversible, it had been present before treatment was started (24) and throughout the two years of chemotherapy. The consequences for peak bone mass and long-term bone health in these children remains unknown.
